Monotremes (echidnas and platypus) retain an ancestral form of reproduction: egg-laying followed by secretion of milk onto skin and hair in a mammary patch, in the absence of nipples. Offspring are highly immature at hatching and depend on oligosaccharide-rich milk for many months. The primary saccharide in long-beaked echidna milk is an acidic trisaccharide Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc (4-Oacetyl 3′-sialyllactose), but acidic oligosaccharides have not been characterized in platypus milk. In this study, acidic oligosaccharides purified from the carbohydrate fraction of platypus milk were characterized by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and 1 H-nuclear magnetic resonance spectroscopy. All identified structures, except Neu5Ac(α2-3)Gal (β1-4)Glc (3′-sialyllactose) contained Neu4,5Ac 2 (4-O-acetyl-sialic acid). These include the trisaccharide 4-O-acetyl 3′-sialyllactose, the pentasaccharide Neu4,5Ac 2 (α2-3)Gal(β1-4)GlcNAc(β1-3)Gal(β1-4) Glc (4-O-acetyl-3′-sialyllacto-N-tetraose d) and the hexasaccharide Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc (α1-3)]GlcNAc(β1-3)Gal(β1-4)Glc (4-O-acetyl-3′-sialyllacto-N-fucopentaose III). At least seven different octa-to deca-oligosaccharides each contained a lacto-N-neohexaose core (LNnH) and one or two Neu4,5Ac 2 and one to three fucose residues. We conclude that platypus milk contains a diverse (≥20) array of neutral and acidic oligosaccharides based primarily on lactose, lacto-N-neotetraose (LNnT) and LNnH structural cores and shares with echidna milk the unique feature that all identified acidic oligosaccharides (other than 3′-sialyllactose) contain the 4-O-acetyl-sialic acid moiety. We propose that 4-O-acetylation of sialic acid moieties protects acidic milk oligosaccharides secreted onto integumental surfaces from bacterial hydrolysis via steric interference with bacterial sialidases. This may be of evolutionary significance since taxa ancestral to monotremes and other mammals are thought to have secreted milk, or a milk-like fluid containing oligosaccharides, onto skin surfaces.
Introduction
The evolution of sugar synthesis by the mammary gland involved the unique cooption of an ancestral antimicrobial protein (C-lysozyme) as a regulatory modifier of a transmembrane galactosyltransferase (β4Gal-T1). The newly evolved modifier (α-lactalbumin), when binding to β4Gal-T1, generated a novel function (lactose synthase): Gal was now added in β-linkage to free Glc rather than the terminus of an N-linked glycan, producing a new biological structure: Gal(β1-4) Glc or lactose (Ramakrishnan and Qasba 2001) . Given the predominance of lactose in most eutherian milks (Jenness et al. 1964; Urashima et al. 2007) , and its central role in models of milk synthesis (Shennan and Peaker 2000) , this evolutionary step has long been considered a key one in the evolution of lactation (Oftedal 2002 (Oftedal , 2012 (Oftedal , 2013 .
It is now clear, however, that oligosaccharides rather than lactose predominate in the milks of two of the three major mammalian lineages: monotremes (echidnas and platypus) and marsupials (e.g. koalas, kangaroos and brushtail possums) (Urashima et al. 2001 (Urashima et al. , 2007 Oftedal et al. 2014; Urashima, Fujita, et al. 2014 ). Oligosaccharides are also major constituents in the milks of a variety of eutherians, including elephants, arctoid carnivores (e.g. mink, skunk, bears) and primates (Urashima et al. 1999 (Urashima et al. , 2000 (Urashima et al. , 2005 Uemura et al. 2006; Taufik et al. 2012 Taufik et al. , 2013 . In nearly all cases, these oligosaccharides have the lactose structure (Gal(β1-4)Glc) at the reducing end, indicating that lactose serves as an essential precursor for sequential additions of neutral or acidic monosaccharide moieties by a variety of glycosyltransferases in the Golgi. This implies that lactose synthesis had to evolve prior to the evolutionary appearance of milk oligosaccharides.
A conundrum is that free lactose cannot cross the brush border membrane of mammalian enterocytes, and thus to be of nutritional value to offspring it must first be hydrolyzed by the brush border enzyme lactase as in eutherian mammals. This creates the "chickenand-egg" paradox-how could lactase evolve without prior evolutionary appearance of lactose-and why would lactose be beneficial if it could not be digested by the young (Oftedal 2013) ? It is well known that intake of lactose by mammals lacking lactase produces pathologic diarrhea: the syndrome of lactose intolerance.
One hypothesis is that lactose may initially have been synthesized at such a low rate that glycosyltransferases in the Golgi converted most or all free lactose to oligosaccharides prior to milk secretion, i.e. that the ancestral condition was oligosaccharide rather than lactose secretion (Messer and Urashima 2002; Urashima et al. 2011) . If so, the initial function of oligosaccharides may have been to protect egg, offspring and/or the mammary area from microbial assault as oligosaccharides have known antimicrobial and prebiotic functions, at least in human milk (Bode 2012; Garido et al. 2013) .
The monotremes ( platypus and echidnas) are thought to retain the ancestral mammalian reproductive condition: egg-incubation followed by a long-lactation period during which the young obtain milk from the skin surface in a mammary areola or "milk patch" (Oftedal and Dhouailly 2013) . While early forms of proto-lactation may date back to early synapsids or their tetrapod ancestors in the Carboniferous, >300 million years ago (Oftedal 2013 ), nipples did not arise until after the divergence of the theriamorph ancestors of eutherians and metatherians (marsupials) from the australosphenidan ancestors of monotremes about 190 million years ago (Luo et al. 2011) . We recently examined the milk of a monotreme, the Tasmanian echidna (Tachyglossus aculeatus setosus) in an attempt to characterize oligosaccharides that may represent an ancestral state . We suggested that the predominant oligosaccharide 4-O-acetyl-3′-sialyllactose (Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc) represented an evolutionary modification of 3′-sialyllactose (Neu5Ac(α2-3)Gal(β1-4)Glc) that served to render this oligosaccharide unavailable to bacterial enzymes . We further speculated that 3′-sialyllactose may have been an important component of early mammary secretions. This and prior studies indicated that echidna milk also contains a variety of fucosylated oligosaccharides, such as 2′-fucosyllactose (Fuc(α1-2)Gal(β1-4)Glc) difucosyllactose (Fuc(α1-2)Gal(β1-4)[Fuc(α1-3)]Glc), [Fuc(α1-2)]Gal(β1-4)Glc) and B-pentasaccharide (Gal(α1-3)[Fuc(α1-2)]Gal (β1-4)[Fuc(α1-3)]Glc), as well as additional sialyloligosaccharides, but there is considerable variation among lactation stages and echidna populations, making interpretation difficult (Messer and Kerry 1973; Messer 1974; Kamerling et al. 1982; Jenkins et al. 1984; Oftedal et al. 2014) .
Key to any argument about ancestral oligosaccharides is the extent to which extant monotreme species differ from each other in oligosaccharide patterns. The platypus (Ornithorhynchus anatinus) resembles the echidna in that it lays eggs that are incubated for ∼10-11 days and its young hatch in a very immature state and depend on milk for a prolonged period (3-4 months; Grant and Griffiths 1992) . However, prior studies of the platypus have been restricted to the neutral milk oligosaccharides (Messer and Kerry 1973; Messer et al. 1983; Amano et al. 1985) . Nine structures that have been characterized are shown in Figure 1 . The predominant neutral saccharide was found to be difucosyllactose (structure 1); in addition, several other fucosylated oligosaccharides are based on core structures of lacto-Nneotetraose (Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glc, LNnT) (Figure 1 , structures 4-6) and lacto-N-neohexaose, (Gal(β1-4)GlcNAc(β1-3) [Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc, LNnH) (Figure 1 , structures 7-9). In the present study, we examined the acidic oligosaccharides in platypus milk. We were particularly interested in whether a diversity of acidic oligosaccharides is present, whether they-like the fucosylated oligosaccharides-are based on core units of LNnT and LNnH, and whether these include 4-O-acetylation of sialic acid, as in the echidna. To date, the echidna is the only mammal known to contain the moiety Neu4,5Ac 2 in milk oligosaccharides, although extensive 4-O-acetylation of sialic acid is also observed in some eutherian tissues, especially in glycoproteins and glycolipids of the mouse gastrointestinal tract (Rinninger et al. 2006) .
Results

Separation of acidic milk oligosaccharides
The crude carbohydrate fraction (total 160 mg) from platypus milk separated into five peaks, designated as PM1 to PM5, during gel filtration on BioGel P-2 (Figure 2 ). The components in PM4 and PM5 were characterized by 1 H NMR to be difucosyllactose (Fuc(α1-2)Gal(β1-4) [Fuc(α1-3)]Glc) and lactose (Gal(β1-4)Glc), respectively. As the contents of peaks PM1 and PM2 reacted positively with periodate-resorcinol (Figure 2 ), we concluded that these fractions contained sialyloligosaccharides. The components in PM1 and PM2 were each separated by normal phase HPLC using an Amide-80 column (Figure 3 ). Although it is customary to use anion exchange chromatography for the separation of acidic from neutral oligosaccharides and to remove peptides and proteins, this procedure was omitted in this study to avoid possible loss of O-acetyl groups from O-acetylated Neu5Ac residues. The oligosaccharides in PM1 and PM2 were characterized by MALDI-TOF-MS and 1 H NMR spectroscopies. The assignments of several 1 H NMR chemical shifts were based on comparison with published data on reporter groups as shown in Table I .
4-O-Acetyl 3′-sialyllactose and 3′-sialyllactose
The 1 H NMR spectrum of PM2-1 (chemical shifts in Supplementary material, Table I ) had the H-1 shifts of α-Glc, β-Glc and β(1-4)-linked Gal at δ 5.221, 4.663 and 4.534, respectively, H-3 of β(1-4)-linked Gal, which was substituted by α(2-3)-linked Neu4,5Ac 2 , at δ 4.133. The spectrum had the characteristic shifts, which arose from α(2-3)-linked Neu4,5Ac 2 residue; namely H-3 axial, H-3 equatorial, 4-O-Ac, 5-N-Ac and H-5 (triplet) at δ 1.948, 2.770, 2.070, 1.963 and 4.088, respectively. As this pattern was essentially similar to the published data for 4-O-acetyl 3′-sialyllactose (Kamerling et al. 1982; Oftedal et al. 2014) , the oligosaccharide in PM2-1 was characterized to be Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc.
As the 1 H NMR spectrum of PM2-2 (chemical shifts in Supplementary material, Table I ) was similar to the published data (Urashima et al. 2004 ) for 3′-sialyllactose, the oligosaccharide in this fraction was characterized to be Neu5Ac(α2-3)Gal(β1-4)Glc.
Neu4,5Ac 2 -containing penta-to nona-saccharides in peak PM1-7
The MALDI-TOF MS spectrum (Figure 4) Messer et al. (1983) and Amano et al. (1985) . Fig. 2 . Gel chromatogram of the carbohydrate fraction from platypus milk on a BioGel P-2 column (2.5 × 100 cm). Elution was done with distilled water at a flow rate of 15 mL/h and fractions of 5.0 mL were collected. Each fraction was monitored for hexose by the phenol-H 2 SO 4 method (solid line) and for sialic acid by the periodate-resorcinol (dotted line). Peaks PM3, PM4 and PM5 were found to only contain neutral oligosaccharides (see text).
The chemical structures of these oligosaccharides in fraction PM1-7 were further characterized by comparison of its 1 H NMR spectrum ( Figure 5 ) with that of PM2-1 and the published data for echidna milk Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc (Kamerling et al. 1982) . The identity and bond of the sialic acid moiety was confirmed as follows. Table II ) had shifts at δ 2.075, 2.069, 1.964, 1.961 and 1.952. As the 1 H NMR spectrum of echidna Neu4,5Ac 2 (α2-3)Gal (β1-4)Glc had the 4Ac shift at δ 2.070 and 5Ac shift at δ 1.962, the shifts at δ 2.075 and 2.069, and shifts at δ 1.964, 1.961 and 1.952 were assigned to 4-O-Ac and 5-N-Ac of the Neu4,5Ac 2 residue, respectively. The spectrum also had the H-3 axial shifts at δ 1.918 and 1.909 and H-3 equatorial shift at δ 2.771 of the Neu4,5Ac 2 residue. As the 1 H NMR spectrum of Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc had the H-3 axial shift at δ 1.931 and H-3 equatorial shift at δ 2.770, we conclude that the above shifts arose from α(2-3)-linked Neu4,5Ac 2 residues which were present in all four oligosaccharides indicated by MALDI-TOF MS.
The spectrum also had H-1 shifts of α-Glc, β(1-3)-linked GlcNAc, β-Glc, β(1-6)-linked GlcNAc, and three β(1-4)-linked Gal at δ 5. 220, 4.727, 4.665, 4.642 and 4.630, and 4.525, 4.512 and 4.432, respectively . The shifts at δ 2.049 could be assigned to NAc of β(1-6)-linked GlcNAc, and δ 2.027 to NAc of β(1-3)-linked GlcNAc. These indicate the presence of the core group lacto-N-neohexaose Gal(β1-4)GlcNAc (β1-3)[Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc in the larger oligosaccharides. The H-1 and H-6 shifts of α(1-3)-linked Fuc at δ 5.095 and 1.161 showed the presence of Lewis x unit (Gal(β1-4)[Fuc(α1-3)]GlcNAc) (see Table I ).
From these observations of NMR and MALDI-TOF MS spectra, we conclude that the major nonasaccharide(s) of PM1-7-1 was Neu4,5Ac 2 (α2-3)Gal(β1-4)GlcNAc(β1-3){Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-6)}Gal(β1-4)Glc ( Figure 10 , structure 3a) and/or Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-3)[Neu4, 5Ac 2 (α2-3)Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc (Figure 10 , structure 3b). Note that the NAc shifts at δ 2.049 and 2.027 are consistent with the presence of Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc(α1-3)]GlcNAc (β1-6) and Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-3), respectively, by comparison with published data (see Table I ), although they may also represent NAc shifts of β(1-6)-and β(1-3)-linked GlcNAc of Neu4,5Ac 2 (α2-3)Gal(β1-4)GlcNAc(β1-6) and Neu4,5Ac 2 (α2-3)Gal(β1-4)GlcNAc(β1-3).
The NMR and MALDI-TOF MS results suggest that the minor octasaccharide(s) (PM1-7-2) contained one α(2-3)-linked Neu4,5Ac 2 and Gal(β1-4)GlcNAc(β1-3){Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-6)} Figure 2 ). The HPLC was done using a Shimadzu LC-10 ATVP pump (Shimadzu, Tokyo, Japan) on a TSK-gel Amide-80 column (4.6 × 250 mm, pore size 80 Å, particle size 5 µm; Tosoh, Tokyo, Japan). The mobile phase was 50 and 80% (v/v) acetonitrile (CH 3 CN) in 15 mmol/L potassium phosphate buffer ( pH 5.2). Elution was done using a linear gradient of CH 3 CN from 80 to 50% at 60°C at a flow rate of 1 mL/min. The detection was done by UV absorption at 195 nm. Peaks PM1-1, 1-4, 1-5, 1-7, 1-13, 1-14, 1-15, 2-1 and 2-2 were characterized as acidic oligosaccharides, peaks PM2-6, 2-7 and 2-8 were characterized as neutral oligosaccharides, and the remainder were not characterized.
Gal(β1-4)Glc ( Figure 10 , structure 4a) and/or Gal(β1-4)[Fuc(α1-3)] GlcNAc(β1-3)[Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc ( Figure 10 , structure 4b). As the Neu4,5Ac 2 may have been situated on either of the terminal Gal in structures 4a and 4b, four possible configurations are possible (not illustrated).
The hexasaccharide in this fraction (PM1-7-3) was characterized to be Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-3)Gal (β1-4)Glc ( Figure 10 , structure 5) and the pentasaccharide (PM1-7-4) was characterized to be Neu4,5Ac 2 (α2-3)Gal(β1-4)GlcNAc (β1-3)Gal(β1-4)Glc ( Figure 10 , structure 6).
Neu4,5Ac 2 -containing octa-and nona-saccharides in peak PM1-13
The MALDI-TOF MS spectrum of PM1-13 ( . MALDI-TOF mass spectrum of the oligosaccharides in PM1-7. The spectrum was performed on the oligosaccharide fractions, using an AutoflexII TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). The sample solution (0.5 µL) was mixed on a target plate (MTP 374 target plate ground steel, T F, Bruker), with an equal volume of 10 mg/mL of DHB saturated in distilled water. Mass spectra were obtained using a reflector positive ion mode optimized to the mass range of 0-3 kDa. 4.110 could be assigned to H-5 of a Neu4,5Ac 2 residue, being similar to the triplet shift of H-5 of Neu4,5Ac 2 at δ 4.089 of echidna Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc. The spectrum had the H-3 axial and equatorial shifts of α(2-3)-linked Neu4,5Ac 2 at δ 1.918 and 2.773, respectively, and also H-3 axial and equatorial shifts of α(2-6)-linked Neu4,5Ac 2 at δ 1.848 and 2.674, respectively. The 1 H NMR spectrum also had the H-1 shifts of α-Glc, three α(1-3)-linked Fuc, β(1-3)-linked GlcNAc, β-Glc, β(1-6)-linked GlcNAc and three β(1-4)-linked Gal at δ 5. 219, 5.125, 5.104 and 5.096, 4.728, 4.668, 4.639, and 4.525, 4.451 and 4.435, respectively , and H-6 shifts of α(1-3)-linked Fuc at δ 1.173 and 1.162. These showed the presence of lacto-N-neohexaose (Gal(β1-4)GlcNAc(β1-3)[Gal (β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc and Lewis x (Gal(β1-4)[Fuc(α1-3)]GlcNAc). The NAc shifts at δ 2.053 and 2.026 are consistent with NAc of β(1-6)-linked GlcNAc and
The characterizations of the oligosaccharides in fractions 1-13 (and in fractions 1-14, below) were based on the assumption that sialyl Lewis x in the saccharides was always Neu4,5Ac 2 (α2-3)Gal(β1-4) [Fuc(α1-3)]GlcNAc but not Neu4,5Ac 2 (α2-6)Gal(β1-4)[Fuc(α1-3)] GlcNAc, because the latter structure has yet to be reported in carbohydrate moieties of glycoconjugates including milk oligosaccharides and may be precluded by steric hindrance. However, we cannot from 1 H NMR data exclude the possibility that one or more oligosaccharides in these fractions contained a unit of Neu4,5Ac 2 (α2-6)Gal (β1-4)[Fuc(α1-3)]GlcNAc.
As the minor nonasaccharide in this fraction (PM1-13-1) had one Neu4,5Ac 2 , two α(1-3)-linked Fuc residues and a lacto-N-neohexaose unit containing Neu4,5Ac 2 (α2-3)Gal(β1-4) ]GlcNAc, we propose this nonasaccharide(s) is likely Neu4,5Ac 2 (α2- (Figure 10 , structure 7b), both of which have a Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc(α1-3)]GlcNAc unit.
The octasaccharide PM1-13-2 had a core lacto-N-neohexaose, one Neu4,5Ac 2 unit and one α(1-3)-linked Fuc. We suggest the NAc shifts at δ 2.091 and 2.053 in PM1-13 arose from GlcNAc of Neu4,5Ac 2 (α2-6)Gal(β1-4)GlcNAc(β1-6) and Neu4,5Ac 2 (α2-6) Gal(β1-4)GlcNAc(β1-3) units, respectively, because the NAc shifts of β(1-6)-and β(1-3)-linked GlcNAc of Neu5Ac(α2-6)Gal(β1-4) GlcNAc(β1-3)[Neu5Ac(α2-6)Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4) Glc were at δ 2.088 and 2.051, respectively (Gronberg et al. 1990; Urashima et al. 2004, see Table I ). The NAc shifts at δ 2.019 and δ 2.053 could be assigned to β(1-3)-and β(1-6)-linked GlcNAc of Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-3) and Gal(β1-4)[Fuc(α1-3)]GlcNAc (β1-6) units by comparison with the data shown in Table I . The chemical shift at δ 2.019 is shifted upfield from that of Neu4,5Ac 2 (α2-3)Gal (β1-4)[Fuc(α1-3)]GlcNAc(β1-3) unit at δ 2.026; this may be due to the absence of Neu4,5Ac 2 . From these observations, we suggest that these octasaccharide(s) of PM1-13-2 may be Neu4,5Ac 2 (α2-6) Gal(β1-4)GlcNAc(β1-3){Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-6)}Gal (β1-4)Glc (Figure 10 , structure 8a) and/or Gal(β1-4)[Fuc(α1-3)] GlcNAc(β1-3)[Neu4,5Ac 2 (α2-6)Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4) Glc (Figure 10 , structure 8b).
PM1-13-2 could also contain the oligosaccharides that were represented as structure 4a and/or 4b.
Neu4,5Ac 2 -containing octa-to decasaccharides in peak PM1-14
The MALDI-TOF MS spectrum (Figure 8) H NMR spectrum of the oligosaccharides in PM1-13 isolated from platypus milk. Analytic methods as specified in Figure 5 .
(PM1-14-1). (PM1-14-3) .
The 1 H NMR spectrum ( Figure 9 , chemical shifts in Supplementary material, Table II) had the NAc shifts of 5-N-Ac at δ 2.074 and 2.069, and of 4-O-Ac at δ 1.964, 1.959 and 1.953 and H-5 of Neu4,5Ac 2 at δ 4.110. The spectrum had the H-3 axial and equatorial shifts of α(2-3)-linked Neu4,5Ac 2 at δ 1.919 and 2.775, respectively, and the H-3 axial and equatorial shifts of α(2-6)-linked Neu4,5Ac 2 at δ 1.848 and 2.675, respectively, showing the presence of α(2-3)-and α (2-6)-linked Neu4,5Ac 2 residues among the oligosaccharides.
The spectrum had the H-1 shifts of α(1-2)-linked Fuc, α-Glc, three α(1-3)-linked Fuc, β(1-3)-linked GlcNAc, β-Glc, β(1-6)-linked GlcNAc 279, 5.220, 5.124, 5.112 and 5.092, 4.726, 4.669, 4.625, 4.525, 4.504, 4 .450 and 4.437, respectively, H-5 and H-6 of α(1-2)-linked Fuc at δ 4.257, and β 1.270, respectively, and H-6 of α(1-3)-linked Fuc at δ 1.234, 1.173 and 1.162. The H-1 shifts at δ 5.124, 5.112 and 5.092 showed the presence of Lewis x, while the H-1 shift of α(1-2)-linked Fuc at δ 5.279 showed the presence of Fuc(α1-2)Gal(β1-4)[Fuc(α1-3)] GlcNAc (Lewis y) but not Fuc(α1-2)Gal(β1-4)GlcNAc (H type II), because the resonance was shifted upfield from those of H-1 of α(1-2)-linked Fuc of Fuc(α1-2)Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glc at δ 5.308 and of Fuc(α1-2)Gal(β1-4)Glc at δ 5.314 (Urashima et al. 2005; van Leeuwen et al. 2014 , see also Table I ). The H-6 shift of α (1-3)-linked Fuc at δ 1.234 also showed the presence of Lewis y, as the resonance was shifted downfield from that of Gal(β1-4)[Fuc(α1-3)] GlcNAc at δ 1.17 (see Table I ). TOF MS, we suggest that the major nonasaccharide(s) in this fraction (PM1-14-2) contained a lacto-N-neohexaose core unit, one α(2-3)-or α(2-6)-linked Neu4,5Ac 2 and two α(1-2)-or α(1-3)-linked Fuc residues. PM1-14-2 could also include Fuc(α1-2)Gal(β1-4)[Fuc(α1-3)] GlcNAc(β1-3/6) units. The NAc shifts of β(1-6)-linked GlcNAc at δ 2.092 and of β(1-3)-linked GlcNAc at δ 2.055 showed the presences of Neu4,5Ac 2 (α2-6)Gal(β1-4)GlcNAc(β1-6) and Neu4,5Ac 2 (α2-6) Gal(β1-4)GlcNAc(β1-3) units. From these observations, we suggest that PM1-14-2 may be Fuc(α1-2)Gal(β1-4)[Fuc(α1-3)GlcNAc(β1-3) [Neu4,5Ac 2 (α2-6)Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc (Figure 10 , structure 10a,) and/or Neu4,5Ac 2 (α2-6)Gal(β1-4)GlcNAc(β1-3){Fuc (α1-2)Gal(β1-4)[Fuc(α1-3)]GlcNAc(β1-6)}Gal(β1-4)Glc (Figure 10 , structure 10b). In addition, it is possible that this fraction contained Neu4,5Ac 2 (α2-3)Gal(β1-4)GlcNAc(β1-3){Fuc(α1-2)Gal(β1-4)[Fuc (α1-3)GlcNAc(β1-6)]Gal(β1-4)Glc (Figure 10 , structure 10c) and/or Fuc(α1-2)Gal(β1-4)[Fuc(α1-3)GlcNAc(β1-3)[Neu4,5Ac 2 (α2-3)Gal (β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc (Figure 10 , structure 10d).
Based on 1 H NMR chemical shifts and MALDI-TOF MS, we
suggest that the octasaccharide(s) in this fraction had a lacto-Nneohexaose core unit, one α(2-3)-or α(2-6)-linked Neu4,5Ac 2 and one α(1-3)-linked Fuc, leading to a variety of possible structures (all are not illustrated, but include 4a, 4b, 8a and 8b). We cannot rule out that PM1-14-2 and PM1-14-3 also contained, in part, the octasaccharide(s) and nonasaccharide(s) that we recovered from PM1-13, given that the two adjacent HPLC peaks exhibited a degree of overlap ( Figure 3 ) including a shoulder on PM1-13.
Evidence for presence of specific structures among our proposed alternatives
The assigned 1 H NMR chemical shifts of β(1-3)-and β(1-6)-linked
GlcNAc for structures 3-10 within the three peaks PM1-7, PM 1-13 and PM1-14 are summarized in Table II . In most cases, a particular chemical shift within each peak may be assigned to multiple structures; these shifts are indicated in normal font in Table II . For example, in PM1-13 the shift at δ 2.019 could be due to β(1-3)-linked GlcNAc from structures 7b and 8b, while the shift at 2.053 could be due to either β(1-3)-linked GlcNAc from structure 8a or β(1-6)-linked GlcNAc from structures 7a, 7b and 8a. In fact, line broadening of the shift at δ 2.053 supports the hypothesis that two or more shifts from β(1-3)-and/or β(1-6)-linked GlcNAc overlap in our 1 H NMR spectrum, indicating presence of multiple oligosaccharides. However, some chemical shifts are unique to one structure, and are indicated in bold italics in Table II . The shift at δ 2.026 is unique to structure 7a and the shift at δ 2.091 is unique to structure 8b, providing direct evidence that these specific structures are present in peak PM1-13. Similarly, the shift at δ 2.092 provides direct evidence for the presence of structure 10b within peak PM1-14. Line broadening of the shift at δ 2.021 is consistent with the presence not just of 10b, but also 9b and/or 10d. Line broadening at δ 2.027 is consistent with the presence of both 9a and 10c. Line broadening at δ 2.055 in PM1-14 is less informative but indicates that two or more of 9a, 9b, 10a, 10c and 10d structures may be present within peak PM1-14.
Other peaks
The 1 H NMR spectrum of PM1-1 showed that this fraction contained Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc as well as free lactose. PM2-6, PM2-7 and PM2-8 were found by 1 H NMR to be neutral oligosaccharides, but were not characterized. PM1-8 was not characterized with 1 H NMR and MALDI-TOF MS at this stage, because of the lack of relevant data on 1 H NMR chemical shifts. PM1-2, PM1-3, PM1-6, PM1-9, PM1-10, PM1-11, PM1-12, PM1-16, PM1-17, PM1-18, PM2-3, PM2-4, PM2-5 and PM2-9 did not produce well-resolved 1 H NMR spectra of the components in these fractions because of insufficient material and were therefore not characterized.
Discussion
Acidic oligosaccharide diversity
At least 10 different acidic oligosaccharide structures were characterized in platypus milk although uncertainties about the precise location of fucosyl-and/or sialyl-moieties led to alternative possible structures for six of these (Figure 10 ). This indicates that platypus milk has great diversity (≥20) in oligosaccharide composition, including both neutral oligosaccharides (9 structures in Figure 1 ) and acidic oligosaccharides (≥10 structures).
Core structures
Milk oligosaccharides are commonly based on a core structure comprised of repeating units of Gal and GlcNAc attached to Gal(β1-4) Glc at the reducing end. In human milk, for example, 13 core structures have been identified, ranging in size from a disaccharide (lactose) to decasaccharides (lacto-N-decaose and lacto-N-neodecaose). These are distinguished as either type I (containing one or more units of lacto-N-biose I, Gal(β1-3)GlcNAc) or type II (containing solely units of N-acetyllactosamine, Gal(β1-4)GlcNAc); human milk is unique among studied mammalian milks in the predominance of type I oligosaccharides . In platypus milk, all acidic oligosaccharides larger than trisaccharides were type II. Three core units were observed: lactose (Figure 10 , structures 1 and 2), lacto-N-neotetraose (LNnT; Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glc; Figure 10 , structures 5 and 6) and lacto-N-neohexaose (LNnH, (Gal (β1-4)GlcNAc(β1-3)[Gal(β1-4)GlcNAc(β1-6)]Gal(β1-4)Glc; Figure 10, all other structures). These same core units had previously been observed in neutral oligosaccharides in platypus milk (Messer and Kerry 1973; Amano et al. 1985) , as indicated in Figure 1 (lactose core, structure 1; LNnT core, structures 4-6; LNnH core, structures 7-9). Thus acidic and neutral oligosaccharides in platypus milk are based on similar core structures.
It was also reported that platypus milk contains lacto-N-difuco hexaose I (Fuc(α1-2)Gal(β1-3) ]GlcNAc(β1-3)Gal(β1-4) Glc), which appears to be the only type I saccharide among the neutral platypus milk oligosaccharides, being based on the lacto-N-tetraose (Gal(β1-3)GlcNAc(β1-3)Gal(β1-4)Glc core unit (Amano et al. 1985) . Could type I core units also occur in acidic oligosaccharides, but be undetected in our study? We have previously noted that the 1 H NMR spectrum of lacto-N-fucopentaose I (Fuc(α1-2)Gal(β1-3) GlcNAc(β1-3)Gal(β1-4)Glc) has an H-1 shift of α(1-2)-linked Fuc at δ 5.188 (Urashima et al. 2009 ), while that of lacto-N-fucopentaose II (Gal(β1-3)[Fuc(α1-4)]GlcNAc(β1-3)Gal(β1-4)Glc) has an H-1 shift of α(1-4)-linked Fuc at δ 5.029 (Taufik et al. 2012 ). In addition, the H-1 shift of α(1-4)-linked Fuc of Gal(β1-3)[Fuc(α1-4)]GlcNAc (β1-3) unit occurs at δ 5.02-5.03, while that of Neu5Ac(α2-3)Gal (β1-3)[Fuc(α1-4)]GlcNAc(β1-3) occurs at δ 5.01 (van Leeuwen et al., 2014) .These are the signatures of the presence of H type I epitope (Fuc(α1-2)Gal(β1-3)GlcNAc), Lewis a epitope (Gal(β1-3)[Fuc (α1-4)]GlcNAc) and sialyl Lewis a epitope (Neu5Ac(α2-3)Gal(β1-3)[Fuc(α1-4)]GlcNAc). In our 1 H NMR spectra of PM1-13 and PM1-14, which contained fucose, these shifts were not found, while the spectrum of PM1-14 had the shift at δ 5.279, which is the signature of the presence of Lewis y (Fuc(α1-2)Gal(β1-4)[Fuc(α1-3)] GlcNAc) of H type II epitope (Fuc(α1-2)Gal(β1-4)GlcNAc), and the shifts at δ 5.124, 5.112 and 5.092, which are the signature of the presence of Lewis x epitope (Gal(β1-4)[Fuc(α1-3)]GlcNAc). The spectra of PM1-7 and PM1-13 had the H-1 shifts of α(1-3)-linked Fuc at Fig. 10 . Structures of acidic oligosaccharides of platypus milk as characterized in this study. The source peak is identified by the PM designation (see Figure 2) . Oligosaccharides are designated with numbers 1-10 to indicate the minimal number of unique oligosaccharides; where one or more alternative structures are possible these are indicated as (A-D). Oligosaccharide 4 has additional potential structures depending on placement of Neu4,5Ac 2 (not illustrated). Thus, the actual number of acidic oligosaccharides in platypus milk may be ≥10 (see text). The structural core groups (lactose, lacto-N-neotetraose, lacto-N-neohexaose; see text) are indicated by lighter (or red) font. around δ 5.1, showing that these oligosaccharides are of type II, not type I. Although we could not detect any acidic type I oligosaccharides in platypus milk, it is possible that these were present in the unidentified fractions. It is clear that the type II predominate over type I oligosaccharides in platypus milk as in milk of all other mammalian species except for that of humans.
4-O-Acetyl-sialic acid in platypus milk
What is perhaps most outstanding about acidic oligosaccharides in platypus milk is the fact that the type of sialic acid in nearly all structures (Figure 10 , all except structure 2, 3′-sialyllactose) is Neu4,5Ac 2, i.e. the sialic acid is O-acetylated in the four position. Neu4,5Ac 2 has previously been identified only in long-beaked echidna milk, both as the predominant oligosaccharide 4-O-acetyl-3′-sialyllactose (Neu4, 5Ac 2 (α2-3)Gal(β1-4)Glc) (Kamerling et al. 1982 ) and several presumed modifications thereof, including monofucosyl 4-O-acetyl-3′-sialyllactose (Neu4,5Ac 2 (α2-3)Gal(β1-4)[Fuc(α1-3)]Glc), and 4-O-acetyl-3′-sialyllactose sulfate ( position of sulfate unknown) and an 800 Da unknown with a 4-O-acetyl-3′-sialyllactose core ). However, oligosaccharides containing a Neu4,5Ac 2 moiety and a core unit other than lactose have not previously been found in any mammalian milk. Thus we report the first identification in milk of 4-O-acetyl-3′-sialyllacto-N-fucopentaose III ( Figure 10 , structure 5; named by analogy to lacto-N-fucopentaose III, LNFP III) and 4-O-acetyl-3′-sialyllacto-N-tetraose d (Figure 10 , structure 6, so named as Neu5Ac(α2-3)Gal(β1-4)GlcNAc(β1-3)Gal(β1-4)Glc can be considered LST d, as it differs from the known structures LST a, LST b and LST c). We also report a number of novel 4-O-acetylsialyloligosaccharides with an LNnH core and 1-2 fucose moieties ( Figure 10 , structures 7a, 8b and 10b). Several of the other 4-Oacetylsialyl oligosaccharide structures in Figure 10 are likely present based on 1 H NMR chemical shifts, but which structure among alternative possibilities is not certain.
In the platypus, as in echidnas (Messer 1974; Kamerling et al, 1982; Oftedal et al. 2014 ), we found a major oligosaccharide to be 4-O-acetyl-3′-sialyllactose (Figure 3 , peak PM2-1), but the milk also contained 3′-sialyllactose (Neu5Ac(α2-3)Gal(β1-4)Glc; Figure 3 , peak PM2-2). Oftedal et al. (2014) suggested that 4-O-acetyl-3′-sialyllactose may be synthesized from 3′-sialyllactose via activity in the echidna mammary gland of a 4-O-acetyltransferase such as has been isolated from the Golgi apparatus of guinea pig liver (Iwersen et al. 2003) , and that the presence in echidna milk of 3′-sialyllactose may simply represent residual precursor. The same may occur in the platypus, although larger ( penta-to deca-) 4-O-acetyl-sialyloligosaccharides occur in platypus milk than in echidna milk, in which identified 4-O-acetyl-sialyloligosaccharides are tri-and tetrasaccharides Oftedal et al. 2014) . Although it is possible that oligosaccharides containing Neu5Ac that is not 4-O-acetylated were present in the unidentified oligosaccharide fractions, it is clear that Neu4,5Ac 2 is the predominant sialic acid in platypus milk oligosaccharides, as in echidna milk.
We did not detect N-glycolylneuraminic acid (Neu5Gc) in the acidic oligosaccharides of platypus milk, which is consistent with the previous finding of the absence of Neu5Gc in platypus liver and muscle (Schauer et al. 2009 ). Schauer et al. (2009) concluded from a BLAST search of the platypus genome that platypus lack the gene for the enzyme (CMP-N-acetylneuraminic acid hydroxylase) that converts CMP-Neu5Ac to CMP-Neu5Gc, and thus should be unable to synthesize Neu5Gc.
It is worth noting that the freeze-dried carbohydrate extracts assayed in this study had been stored at −20°C for a prolonged period (ca. 30 years) prior to analysis. The failure to recover either free sialic acid or oligosaccharides containing Neu5Ac (other than 3′-sialyllactose) suggests that degradative loss of Neu4,5Ac 2 during extraction, storage and chromatographic separation was minor, if it occurred at all.
The biologic and evolutionary significance of milk oligosaccharides in the platypus
The platypus, like the echidnas, retains an ancestral reproductive pattern in which the young hatch from eggs and consume milk secreted directly onto skin or hair in an abdominal mammary patch or areola (Griffiths 1978) . Oftedal et al. (2014) regarded the predominance of 4-O-acetyl-3′-sialyllactose in echidna milk as evolutionarily significant, given that exposed skin and hair surfaces-as well as the oral cavity and digestive tracts of hatchlings-should be easily colonized by both commensal and pathogenic bacteria. 4-O-Acetylation can be considered a lock-up mechanism whereby sialic acid is rendered unavailable to bacterial and mammalian sialidases, apparently due to steric interference with binding to these enzymes (Schauer et al. 2011) ; catabolism requires a sialate-O-esterase to initially remove the 4-O-acetyl moiety. Given that milk secretion onto skin and hair long predated the evolution of nipples (Oftedal and Dhouailly 2013) , there may have been strong selective pressures over a long evolutionary period to deny bacteria access to oligosaccharides in mammary secretions, and this may underlie the evolutionary development of 4-O-acetylation of sialic acid in monotreme oligosaccharides. Certainly platypus milk provides strong evidence of the importance of Neu4,5Ac 2 not only in sialyllactose but in other monotreme milk oligosaccharides (Figure 10 ).
Oligosaccharides containing 3-10 monosaccharide moieties (Figures 1 and 10 ) predominate in platypus milk; lactose is present but in minute amounts (Figure 2 , peak PM-5). If they can be digested and absorbed, these oligosaccharides may be a critical source of preformed glucose and sialic acid for the highly altricial young of monotremes ). However, 4-O-acetylation of sialic acid also blocks mammalian sialidases, unless a sialate-O-esterase initially removes the 4-O-acetyl moiety, as occurs in the liver of the horse (Schauer and Shukla 2008) . It may be that sialyloligosaccharides can be taken up into endocytotic vesicles of enterocytes, and after transport to lysosomes cleaved by the action of esterases, sialidases and other glycolytic enzymes (Duncan et al. 2009 ), but this has not been studied in suckling platypus. It is intriguing that intestinal mucosal homogenates of suckling echidnas can hydrolyze 4-O-acetyl-3′-sialyllactose to lactose, Neu5Ac, Gal and Glc with intermediate formation of 3′-sialyllactose, even though comparable homogenates from suckling rats achieve no hydrolysis of this substrate (Stewart et al. 1983 ). This suggests that suckling monotremes may have evolved to utilize 4-O-acetyl-sialooligosaccharides-presumably by expression of a 4-O-acetylesterase-and if so, this may have been important in the early evolutionary conflict between microbes and milk-fed mammals.
It is increasingly apparent that the evolution of milk has involved a balancing of the need to nourish offspring while preventing or controlling the activities of potentially pathogenic microbes. Many of the nutritionally important proteins in milk appear to have evolved via gene duplication and base pair substitutions from secretory constituents that were initially important in innate immunity or antimicrobial response (Oftedal 2012 (Oftedal , 2013 . For example, α-lactalbumin derives from the bacteriolytic enzyme c-lysozyme (Brew 2003) , β-lactoglobulin from a lipocalin with presumed antimicrobial function (Oftedal 2013) , and xanthine oxidoreductase-an essential component of the milk fat globule membrane-is an innate immune constituent of ancient origin (Vorbach et al. 2003) . Caseins derive from secretory calcium-binding phosphoproteins that may originally have helped regulate calcium and phosphorus utilization on the surface of eggs (Kawasaki et al. 2011) . Newly discovered monotreme milk proteins also have antimicrobial functions, such as echidna antimicrobial protein (Bisana et al. 2013 ) and monotreme lactation protein (Enjapoori et al. 2014) . Thus it should not be surprising that evolution of milk oligosaccharides may have evolved a similar balancing between prebiotic/antimicrobial functions on the one hand, and nutritional needs of the young on the other.
Most of the oligosaccharides in platypus milk, whether neutral (Figure 1 ) or acidic (Figure 10 ), contain fucose in α(1-2), α(1-3) or α(1-4) linkage. Fucosylated oligosaccharides in human milk have been shown to affect the composition and pathogenicity of the microbial flora of the neonatal digestive tract (e.g. Ruiz-Palacios et al. 2003; Newburg et al. 2004; Morrow et al. 2005) , but this has not been studied in the platypus. The very immature state of suckling monotremes during early lactation may also render them particularly susceptible to intestinal pathogens (Enjapoori et al. 2014 ). In the long-beaked echidna, the relative abundance of fucosylated oligosaccharides increases over the course of lactation ), but as our pooled milk represents primarily mid-lactation, we do not know if a similar trend occurs in the platypus.
It is intriguing that platypus milk contains many larger neutral and acidic fucosyl oligosaccharides whose structural cores are LNnT or LNnH. In the long-beaked echidna only one oligosaccharide, lacto-N-fucopentaose III (Figure 1 , structure 6) has been identified with a core (LNnT) larger than lactose . Elongation of lactose to form LNnT requires sequential activity of a β1,3-N-acetylglucosaminyltransferase and a β1,4-galactosyltrans ferase, while LNnH also requires activity of a β1,6-N-acetylglucos aminyltransferase . Perhaps in the battle between ancestral mammal and microbe there was advantage in mimicking type II N-acetyllactosamine structures (Gal(β1-4)GlcNAc) found not only in mammalian cell surface glycans, but also in glycans protruding from bacterial cell walls (Brockhausen 2014) . Organisms able to utilize LNnT, such as some bifidobacteria (Miwa et al. 2010) , may have been favored.
The apparent difference in milk oligosaccharides between platypus and echidna could stem from differences in gene expression, enzyme activity, Golgi localization and/or substrate specificities of the glycosyltransferases involved in oligosaccharide elongation and in epitope "decoration" of the core.
Based on molecular divergence estimates, including for the milk protein α-lactalbumin (Messer et al. 1998) , the lineages leading to extant platypus and echidnas are thought to have split about 18-78 million years ago; the platypus retained an aquatic lifestyle whereas the echidnas became terrestrial and fossorial (Phillips et al. 2009 ; but see Camens 2010 for an alternate interpretation). However, developmental patterns of both remain similar (Hughes 1993; Hughes and Hall 1998; Manger et al. 1998) . Eggs and hatchlings are initially retained in an incubatorium ( platypus) or pouch (echidna), and older offspring shelter in a den or burrow (Griffiths 1978; Grant 1984) . Lactation is somewhat shorter in the platypus (3-4 months) than in the echidna (5-7 months), although age at weaning from milk onto invertebrate diets varies among populations (Grant and Griffiths 1992; Morrow et al. 2009; Morrow and Nicol 2013) . Thus it is not clear that there is any ontogenetic difference in offspring nutrient need that could select for a species difference in milk oligosaccharide structure. The biological and evolutionary significance of the type and size of structural cores is uncertain, as is their impact on mammary, oral or gastrointestinal microbiota.
In conclusion, milk oligosaccharides of the platypus strongly resemble echidna oligosaccharides in the presence of sialyloligosaccharides containing 4-O-acetyl-sialic acid, suggesting that this shared feature may indeed be ancestral, as proposed by Oftedal et al. (2014) . Structural cores of lactose and LNnT with attached fucosyl moieties are also found in both species, as well as in many eutherian species, supporting the hypothesis that such cores are an additional ancestral feature of mammalian lactation . Whether longer chain hexa-to decasaccharides are ancestralor represent a derived feature of platypus milk-is uncertain.
Materials and methods
Chemicals
Neu5Ac(α2-3)Gal(β1-4)Glc (3′-SL) was purchased from Sigma (St. Lois, MO). Neu4,5Ac 2 (α2-3)Gal(β1-4)Glc (4-O-acetyl 3′-sialyllactose) was separated from milk of the Tasmanian echidna ).
Sample and extraction of milk carbohydrate
The carbohydrate fraction of platypus milk used in this study was derived from a previous investigation ) in which milk samples had been collected from 12 animals captured in the upper Shoalhaven River, N.S.W. Ten of these samples were from animals captured in December 1982, i.e. in mid-lactation. The water-soluble carbohydrate fractions of the samples were each extracted with chloroform-methanol, 2 : 1 as described by Messer and Mossop (1977) and freeze-dried prior to investigation. For this study, the freeze-dried carbohydrate fractions from the mid-lactation milk of several animals had been pooled to yield a total of 160 mg, which was stored in a sealed vial at −20°C for ∼30 years.
